Abstract-This paper evaluates the ranges of application and physical limitations of lumped equivalent circuits and drift-diffusion models for the design of THz circuits. The predictions of these models have been compared with a Monte Carlo model, which was considered as a reference, and with measurements from doublers and triplers designed and fabricated by the Jet Propulsion Laboratory. Additionally, the usefulness of Schottky diodes as frequency multipliers above 3 THz is analyzed with the Monte Carlo model.
, [4] , [5] , [12] , [15] , [34] . These models are used because of their simplicity and ease of use in CAD tools [4] , [12] , [19] [20] [21] [22] . However, LEC models are expected to fail at millimeter and submillimeter wavelength and/or high power levels, where physical processes in the device like velocity saturation, carrier inertia, displacement current in undepleted regions of the diode, plasma oscillations, or the nonstationary dynamics of the carriers begin to dominate the device operation [19] , [20] , [22] , [25] , [32] , [33] , [35] [36] [37] [38] [39] [40] . Therefore, the validity of LEC models for the design of millimeter and submillimeter circuits has to be evaluated.
The aim of this paper is to analyze the range of validity of LEC and DD models in the design of frequency multipliers up to THz bands. The MC model has been selected as a reference. Doublers and triplers have been analyzed through the coupling of the different diode models to a harmonic-balance-based circuit simulator [25] , [33] , [41] . The performance of frequency multipliers above 3 THz has been also explored taking into account the most significant limiting transport phenomena. This paper is organized as follows. A brief review of available models to simulate Schottky diodes is presented in Section II. Section III compares measured data from frequency multipliers designed by the Jet Propulsion Laboratory with simulated results with different diode models. An analysis of the potential of Schottky diodes above 3 THz is carried out in Section IV. The main conclusions are drawn in Section V.
II. MODELING SCHOTTKY DIODES
Here, we present an overview of different models available in the literature for Schottky diodes. We are especially interested in modeling the charge transport close to the Schottky contact that is essentially one-dimensional (1-D) [ Fig. 1(a) ].
In the design of Schottky-based nonlinear circuits, the simple LEC of the Schottky junction in series with a constant resistance is commonly used; see Fig. 1(b) . The nonlinear capacitance is usually modeled with a fully depleted approximation. The conduction current through the Schottky contact is approached by thermionic emission equation [42] . The dc series resistance of the diode (the series resistance measured when the epilayer is undepleted) is a good estimate for in LEC model of Fig. 1 (b) at low frequencies [4] , [5] , [7] . In [18] , a constant series resistance different from the dc series resistance is assumed to account for power losses in the device under time-dependent conditions. However, due to the time variation of the width of the depletion region, the series resistance is time varying ( ) [18] , [39] , [43] . As the frequency of operation increases, the value of used in the simulations is increased to account for phenomena-like velocity saturation [4] , [5] , [36] . This phenomenon can be indirectly included in the diode model by fixing the product to values that depend on the output frequency and the operation temperature [21] . A product of 120 fF at 300 K is used for output frequencies between 1.3 and 2.7 THz (different values must be considered at different frequency ranges). The rule was determined regardless of diode doping. However, a doping of 1 10 cm was considered in the development of this rule, according to [4] . This rule has been successfully applied in the design of a tripler at 540-640 GHz [4] , [7] , but only some publications have clearly declared the use of this rule [7] , [44] , [45] .
LEC models can be updated to account for charge carrier inertia, which becomes important at frequencies of the order of 1 THz, and the displacement current in the undepleted regions of the device, which have been included in the model through an inductance (L) and a capacitance (C), respectively [19] , [20] , [22] , [40] ; see Fig. 1(c) .
The validity of the approximations considered in LEC models is questionable at millimeter and submillimeter wavelengths because of the large-signal nonstationary high-frequency dynamics of carrier transport [5] , [25] , [31] [32] [33] , [37] , [39] .
In physics-based models, carrier transport is commonly described by the semiclassical Boltzmann transport equation (BTE). However, finding the exact solution to the BTE is a very difficult task, so different approaches are generally employed [24] . Fig. 2 shows a rough estimation of the valid operation ranges for different available approaches of the BTE.
Physics-based drift-diffusion model [23] , [24] for Schottky diodes, based on the first two moments of the BTE and the Poisson's equation, assumes that transport parameters such as mobility and diffusion coefficients are determined by local values of the electric field. The velocity saturation, which becomes a limiting effect of the diode performance at input frequencies above 100 GHz [36] , is taken into account in the DD model by means of a field-dependent mobility. However, it does not take into account nonstationary characteristics such as carrier heating and velocity overshoot [24] , [38] , [46] . These effects are important in the performance of GaAs nanometric diodes operating at submillimeter wavelengths [24] , [28] .
Other approaches derived from BTE are the hydrodynamic and energy transport models, which are obtained by taking the first three moments of the BTE (conservation of particles, momentum, and energy) [24] , [26] [27] [28] , [46] . The effects of scattering are described by macroscopic relaxation times [24] , [28] . In addition to velocity saturation, these approximations model nonstationary effects due to energy and momentum relaxation, which are important at frequencies of the order of the inverse of the energy and momentum relaxation times, above 300 GHz and 1 THz, respectively [24] , [28] .
The MC method is based on the microscopic modeling of the interactions of the charge carriers with the crystal lattice (scattering mechanism) and the external fields [29] . Therefore, this technique provides an accurate description of physical phenomena in the device up to THz frequencies. The ensemble MC self-consistently coupled with a 1-D Poisson solver used in this paper is described in [30] . The ohmic contact is modeled as a surface that injects carriers in thermal equilibrium with the lattice. In addition, any carrier reaching the contact leaves the device. On the other hand, the Schottky contact is simulated as a perfect absorbent surface. Scattering mechanisms included in the MC simulation are ionized impurities, acoustic phonon, polar and nonpolar optic phonon, and intervalley mechanisms. The band structure is modeled as a conduction band with three spherical nonparabolic valleys [47] . The charge density is updated every 0.5-1 fs and the device is divided into equal cells of 20 Å long. Table I shows a summary of the diode models presented and the physical effects that they take into account. [25] (denoted by MCHB, DDHB, and LECHB, respectively) to analyze the performance of multiplier circuits. Since the MC technique provides the most accurate description of the electron dynamics at high frequencies and high electric fields, the predictions of the MCHB are considered as a reference. A DD model that imposes a constant low-field mobility independently of the electric field (denoted by model) will be also considered. will provide the upper limit of the circuit efficiency since it neglects velocity saturation. LEC models based on a constant series resistance (denoted by ) and a time varying resistance ( ) due to time-varying space charge region are considered. Among the first ones, LEC models based on the dc series resistance ( ) and from the rule ( ) are used in the following sections. The models used in this paper take into account neither self-heating nor skin effect. It is well known that the importance of skin effect increases with frequency [19] , [48] . However, this is a linear effect that can be included in the linear part of the circuit, not necessarily as part of these nonlinear models. In addition, there are limiting effects in the performance of Schottky diodes like velocity saturation [36] and plasma effects that are more important than skin effect [48] .
III. FREQUENCY MULTIPLIERS PERFORMANCE EVALUATED WITH DIFFERENT MODELS
Here, we present a comparison between measurements of multipliers designed and fabricated by JPL in the frequency range 200-2700 GHz and simulation results obtained with different diode models.
The data of the JPL multipliers analyzed in this section are compiled in Table II . The values of the epilayer doping, zerovoltage junction capacitance, and available input power provided in the literature for JPL circuits are employed in the simulations; see Table II . However, because of the lack of information, unknown characteristics like the epilayer length and bias voltage have been optimized to obtain the maximum efficiency [52] . In some cases, the anode areas employed in the numerical simulations have been slightly modified with respect to the nominal values provided in the literature so that the measured and simulated capacitance coincide. To determine the characteristics of the substrate of the diodes used in the simulations, measurements of the series resistance (see Section II) are required. However, due to the lack of this information, the substrate of the diodes were selected to obtain efficiencies with MCHB similar to measurements at the available input power, leading to the shown in Table II (substrate doping of 2 10 cm has been assumed in simulations). These values of are close to those presented by JPL in [53] .
In the design of the multipliers presented in Table II , JPL uses an LEC to model the nonlinear Schottky diode and a 3-D electromagnetic field solver to take into account the 3-D topology of the full diode structure [4] , [7] , [21] , [40] . This modeling technique has led to good results compared with measurements up to THz frequencies [7] , [10] , [12] , [49] [50] [51] . The rule [21] has been used in some of these designs [7] , so the last column of Table II presents such a magnitude for the diodes considered, calculated with and from dc simulations. In the circuital simulations, diodes are always matched at the fundamental frequency. On the other hand, the load impedance at the output frequency is optimized for maximum conversion efficiency at the available input power. However, in real circuits, coupling the input power to the diodes and the output power to the circuit presents limitations [7] , [10] , [54] . Thus, to account for these losses in our simulations, the efficiencies predicted for the diodes must be modified by the coupling efficiencies of the input and output circuits to obtain the flange-to-flange efficiency of the circuit [55] , [56] as (1) where is the input power delivered to the circuit, is the output power delivered to the external load, is the input power delivered to the diodes, is the output power delivered by the diodes to the output, represents the coupling factor of the input power, and is the coupling factor of the output power. and ( ) have been assumed to relate and for the multipliers in this section. These values are in accordance with published data [7] , [10] , [55] . Fig. 3 presents a schematic efficiency-versus-power diagram for frequency multipliers. Three different regimes of operation can be identified. Region A represents a low-power regime, where circuit performance is dominated by the series resistance. In Region B, the efficiency is limited by forward or reverse conduction if this regime is reached. In region C, velocity saturation limits the efficiency of the multipliers before entering the conduction regime. The arrow in the figure means that, if the device geometry and doping change and these changes produce an increase in the series resistance of the diode, there is a decrease in the efficiency. Fig. 4 shows the flange-to-flange efficiency for fabricated doublers and triplers [7] , [10] , [12] , [49] [50] [51] , [57] (Table II) and simulated results with different diode models. These efficiencies have been evaluated at the input power delivered to the circuit indicated in the third column of Table II . A detailed analysis with the input power is carried out in Figs. 5-7. According to the discussion about coupling efficiency, a factor [see (1) ] has been assumed to calculate the circuit efficiency from the simulated diode efficiency.
A. Comparison Between Measurements and Simulations
An empirical relation published in [58] for the efficiency of doublers as a function of the output frequency has been included in Fig. 4 . This relation obtained by fitting measured flange-toflange efficiencies of planar JPL doublers is of the form (at 295 K, and 600 GHz). Since Monte Carlo provides the most accurate simulation of the physical phenomena in the diode, MCHB is considered as a reference to evaluate the limitations of simpler models.
shows a good agreement with MCHB until velocity saturation is relevant in the performance of the diode, as happens in the 1500-GHz doubler and the 2.7-THz tripler; see Fig. 4 . The LEC model based on the dc series resistance produces reasonable results for doublers and the 600-GHz tripler. Fig. 4 . Efficiency of the doublers and triplers [7] , [10] , [12] , [49] [50] [51] , [57] in Table II as a function of the output frequency, evaluated at the input power delivered to the circuit (the third column of Table II) . A factor has been assumed to account for coupling losses and transform the simulated diode efficiencies to circuit efficiencies or flange-to-flange efficiencies.
Section III-B shows the limitations of the LEC model and the modifications that improve its performance: a time-varying resistance and the degradation of the nonlinear capacitance when the depletion region reaches the substrate. These simple improvements make LEC performance very similar to performance. However, none of them takes into account velocity saturation. This phenomenon can be included in the LEC model by setting an adequate series resistance in the model (e.g., the provided by the rule). On the other hand, although DD models velocity saturation, it overestimates the contribution to the series resistance of the diode from the region close to the depletion region since this model evaluates locally the electron mobility; see Appendix A. Therefore, DDHB underestimates the efficiency of the multipliers. Only when velocity saturation is the dominant limiting effect as occurs in the 2.7-THz tripler, DDHB predicts the measured efficiency results.
Regarding the impact of avalanche breakdown in the performance of the analysed structures, we have tested through the DD model that is not a limiting mechanism for these multipliers.
A detailed analysis of the selected multipliers with different models is presented in the following subsections. Fig. 5 shows the diode efficiency obtained from simulations of JPL doublers described in Table II [49] - [51] , [59] , as a function of the input power delivered to the diode (1). The most Fig. 5 . Diode efficiency of doublers described in Table II [49] - [51] , [59] as a function of the input power delivered to the diode (1), simulated with LECHB, , DDHB and MCHB tools.
B. Doublers Up to 1.5 THz
relevant results from the analysis of Fig. 5 are summarized in the following items: 1) For the 200-and 400-GHz doublers, a good agreement is observed between MCHB and since there is no velocity saturation and does not overestimate the series resistance of the diodes. Physics-based models show that the depletion region of these doublers reaches the substrate, so, the predictions of LECHB are not reliable, since they are based on the simple Schottky junction model [ Fig. 1(b) ]. A more sophisticated LEC model that takes into account the time variation of the series resistance and the degradation of the nonlinear capacitance when the depletion region reaches de substrate will work correctly until velocity saturation becomes important. In fact, for the 800-GHz doubler, where the depletion region does not reach the substrate, shows a good agreement with MCHB at input powers up to 5 dBm. 2) For the 800-GHz doubler with high power and the 1500-GHz doubler, velocity saturation limits the efficiency of the devices (region C in Fig. 3) , so, the efficiency from MCHB becomes lower than that from simulations as the input power increases. A good agreement is observed between and . 3) DD model overestimates the series resistance of the diodes due to the local evaluation of the electron mobility in the transition between the neutral and the depleted regions of the epilayer; see Appendix A. Therefore, according to the performance of region A in Fig. 3 , DDHB presents a conservative approach for the efficiency compared with measurements and MCHB. In Fig. 6 , the 1500-GHz doubler is analyzed with different LEC models. The performance of this doubler is limited by velocity saturation. Besides the models used in Fig. 5(d) , a LEC model based on the constant average series resistance of the diode (denoted by , where the average resistance has been evaluated from the simulations with ) and the predictions of the rule are included. The efficiency obtained with is similar to that ob- Table II as a function of the input power delivered to the diode (1), simulated with MCHB and different LECHB.
tained assuming in the LEC model. On the other hand, 120 fF rule ( ) leads to simulated efficiencies lower than measurements and lower than the predictions of MCHB. Fig. 6 shows that 40 fF ( ) is necessary to reproduce measured efficiencies. The rule was developed for doping 1 10 cm and output frequencies lower than 3 THz [4] , [21] while the doping of the this doubler is 5 10 cm . The extension of the rule for higher doping and frequencies requires the knowledge of the performance of the diode at such conditions that can be provided by simulation tools like MC. Fig. 7 shows the diode efficiency obtained for the 600-GHz and 2.7-THz triplers presented in [7] , [12] ; see Table II . Unlike the doublers analyzed in the previous subsections, a complete set of parameters is provided for the 600-GHz tripler in [7] .
C. Triplers Up to 2.7 THz
Velocity saturation limits the efficiency of both 600 GHz and 2.7 THz triplers and the performance of the simulation tools is similar to that described for the 800 and 1500 GHz doublers. Unlike the 400-GHz doubler, velocity saturation is important for the 600-GHz tripler since its epilayer doping is only 1 10 cm , see Table II .
As was indicated for the doublers, DDHB underestimates the efficiency of the 600-GHz tripler. However, a good agreement is observed between DDHB and MCHB simulators for the 2.7-THz tripler, since for this tripler the effect of velocity saturation is more important than the overestimation of the series resistance in DD simulations, see appendix A.
Neither nor lead to correct efficiency estimates for these triplers, since they do not model velocity saturation effects. For the 600-GHz tripler, Erickson's rule [21] establishes 170 fF, that leads to a good agreement with measurements ( in Fig. 7 [7] , [12] , and Table II as a function of the input power delivered to the diode (1), simulated with LECHB, , DDHB, and MCHB tools. 40 fF is necessary to obtain efficiencies close to measurements (epilayer doping of the 2.7-THz tripler is 5 10 cm ).
IV. FREQUENCY MULTIPLIERS WITH SCHOTTKY DIODES ABOVE 3 THZ
Nowadays, Schottky-based multipliers have reached the 2.48-2.75-THz band, with a record output power for this technology of 18 W at 2.58 THz at room temperature with an input power around 1 mW for the last stage tripler [12] . Table III shows a summary of published data on Schottky-based multipliers operating at frequencies above 1 THz. On the other hand, mixers at 5-6 THz based on Schottky diodes pumped with laser LO sources have been developed [69] , [70] . This section presents an analysis of the performance of multiplier circuits at output frequencies above 3 THz.
Three fundamental phenomena must be considered for the accurate simulation of Schottky diodes at these frequencies:
1) Velocity saturation. 2) Plasma resonance of the epilayer and the substrate of the Schottky diode. This phenomenon leads to the fast increase of the real part of the diode impedance at input frequencies near to the plasma frequency. This phenomenon also affects to the imaginary part of the diode impedance, that becomes positive at frequencies close to the epilayer plasma frequency [20] , [48] , [71] . 3) Nonstationary effects become important when the timescale of the applied signal is lower than the energy and/or the momentum relaxation times and , respectively ( 3 ps and 0.25 ps for GaAs [28] ). For the doublers and triplers presented in this section, only MCHB gives reliable results because MC is the only model that takes into account correctly these phenomena.
As a reference in this section, one anode multipliers based on a Schottky diode like that described in Table II for the 2.7-THz tripler are considered: epilayer doping 5 10 cm , epilayer length 100 nm, and anode area 0.15 m . The bias point selected for these simulations is 0 V. The load impedances for the doublers and triplers presented in this section have been optimized at an input power of 0.5 mW per anode. Fig. 8 presents the efficiency and the real part of the diode impedance for doublers at output frequencies above 3 THz obtained with MCHB. Two phenomena are important in the performance of these multipliers: At low input powers, the real part of the impedance increases [ Fig. 8(b) ] as the input frequency increases, due to plasma effects (plasma frequency for doping 5 10 cm is around 6.8 THz [71] ). When increasing the input power, the electrons gain enough energy from the field to scatter into the upper valleys and this produces velocity saturation [40] , leading to the abrupt increase of the real part of the diode impedance observed in Fig. 8(b) .
To mitigate both plasma resonance and saturation velocity effects, the epilayer doping can be increased; see Fig. 9 for the diode efficiency of the 6-THz doubler. However, increasing the doping causes the reduction of the efficiency due to the reduction of the modulation of the nonlinear capacitance. Therefore, a joint optimization of the epilayer doping and length is necessary. Analyzing the waveforms at the diode contacts, breakdown does not limit the performance of these multipliers. Fig. 10 presents the diode efficiency for triplers based on the reference diode. The performance of the triplers is similar to that described for the doublers: Velocity saturation limits the performance. This phenomenon causes the abrupt increase of the real part of the diode impedance as was observed for doublers. Note that the efficiencies obtained for these triplers are close to that shown in Table III . [7] , [10] , [12] , [49] [50] [51] , [57] (Table II) and simulation results for multipliers above 3 THz, Figs. 8 and 10. Regarding the experimental results, the output power has been evaluated at the available input power, which is close to the power for maximum efficiency-Figs. 5 and 7-except for the 1.5-THz doubler. The 1.5-THz doubler is not an optimum design because its output power is similar to the power of the 2.7-THz tripler. For the simulated multipliers above 3 THz, the predicted output power has been calculated with the maximum efficiency in Figs. 8 and 10 for a fixed input power per anode of 7 dBm, which is the available input power for the 1.5-THz doubler. 1 The experimental output power per anode is approximately proportional to and for doublers and triplers, respec- 1 The maximum efficiency can be located at the desired input power by scaling the anode area [25] . Fig. 11 . Measured output power per anode for JPL doublers and triplers [7] , [10] , [12] , [49] [50] [51] , [57] (Table II) and simulation results for the multipliers above 3 THz (Figs. 8 and 10 ) at room temperature.
tively. When the performance is limited by velocity saturation (doublers above 800 and triplers above 600 GHz according to the discussion in Section III), the output power is proportional to . The output power drops at higher rates when the electron transport is dominated by nonstationary phenomena in the momentum and energy [35] , [38] .
According to Monte Carlo simulations, doublers and triplers based on GaAs Schottky diodes are expected to operate up to 6 and 4 THz, respectively, with efficiency higher than 0.5%.
V. CONCLUSION
The analysis of submmillimeter-wave Schottky multipliers has been carried out with different diode models. The only model that includes all of the important physical phenomena is Monte Carlo, which can be considered as a practical tool for the analysis and design of Schottky-based circuits due to improvements in computer technology. Simpler models like and improved LEC describe correctly the performance of the multipliers when there is no velocity saturation. To include this effect in LEC models, it is necessary to adjust the series resistance as a function of the frequency, doping, and multiplication factor. On the other hand, although DD model takes into account velocity saturation, it overestimates the series resistance of the diodes leading to efficiencies lower than expected, and it only works correctly when velocity saturation is the dominant effect. Hydrodynamic models are an interesting alternative to the models analyzed here. They model velocity saturation without the overestimation of the series resistance observed in DD, and, besides, their computational cost is lower than MC.
The development of Schottky multiplier above 3 THz requires models that account for different phenomena: saturation velocity, plasma resonance, and the nonstationary performance of the electron energy and velocity. Monte Carlo and hydrodynamic models are useful tools at these frequencies.
According to Monte Carlo simulations, doublers and triplers based on GaAs Schottky diodes are expected to operate up to 6 and 4 THz, respectively with efficiency higher than 0.5%. 
APPENDIX NONLOCAL EFFECTS IN THE TRANSITION BETWEEN THE UNDEPLETED EPILAYER AND THE SPACE-CHARGE REGION
As a reference in this analysis, a Schottky diode with epilayer doping 3 10 cm , epilayer length 250 nm, substrate doping 2 10 cm , and substrate length of 500 nm has been considered. The anode area is 1 m , the ideal barrier height 0.99 V, and the temperature 300 K.
The electric field in the neighborhood of the Schottky contact is high and undergoes rapid variations over distances comparable to the carrier's mean free path. Therefore, the utilization of a mobility model that depends on the local electric field in the DD approximation is questionable [24] , [46] .
In the transition between the neutral (low-field region) and the depleted (high-field region) regions of the epilayer, the electrons move in the high-field region with a mobility higher than expected from the static velocity-field curves due to the delayed response of the electron velocity to the local electric field (energy and momentum relaxation effects 2 ) [24] , [72] , [73] . As a consequence, the DD model overestimates the series resistance of the diode, because it uses the mobility from the static velocity-field curves.
To show the effect of this phenomenon on the impedance of the diode, an impedance of the portion of the diode located between the ohmic contact and the position with electron concentration equal to a determined fraction of the epilayer doping concentration with is defined, see Fig. 12 .
has been calculated according to the following equation: (2) 2 and are the energy and momentum relaxation time respectively. depends on the electron energy . Since the adaptation of the electron energy to the variations of the electric field is determined by and , the adaptation of to the variations of the electric field is slow. predicted by the DD model at is nearly two times the value at at input frequencies lower than 1200 GHz whereas the change in the MC simulations is only a factor 1.1. At higher frequencies, when the velocity saturation is reached, high fields exist also in the undepleted epilayer, so, nonlocal effects are mitigated, and the increase of the real part of with is nearly the same for both DD and MC.
These results indicate that the DD model overestimates the series resistance of the diode because of the local evaluation of the electron mobility, and when velocity saturation appears, such an error is masked; see Sections III-B and III-C. On the other hand, simulations with the model have shown the same dependence on as MC. Therefore, a good agreement is expected between and MC simulations when there is no velocity saturation.
